Abstract. Ti 3 Al based alloys have been widely reported for their admirable superplasticity in the temperature range of 900-1000 o C. However, the superplastic behavior of temperature lower than 900 o C was seldom reported. Dual phase (α 2 +β) Ti 3 Al-10Nb alloy has shown superior superplastic elongation of 1500% at 960 o C and 2x10 -4 s -1 . In this paper, it aims to investigate the superplastic behavior at lower temperature (700-900 o C). The relationship of texture characteristics, phase transformation phenomena, and deformation mechanism at lower temperature (below 900 o C) are studied. The optimum low-temperature superplastic condition with an elongation of 333% was occurred at 850 o C and 5x10 -4 s -1 . With abundant hexagonal α 2 ' laths formed inside the β grains, the major accommodation process via dislocation slip across the β grains is impeded. It leads to premature failure and lower tensile elongations at lower temperature. Moreover, with the minor operating of grain rotations and grain boundary sliding, the texture intensity decreases significantly at temperature 850 o C.
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Introduction
Ti 3 Al based alloys usually exhibit excellent superplasticity as the grain sizes are reduced to a micro-or submicro-scale [1] [2] [3] . In view of the above mentioned results, the optimum superplastic deformation temperature is approximately between 960-980 o C (~0.64 T m , where T m for Ti 3 Al is 1953 K) and grain boundary sliding is the main rate-controlling mechanism. However, superplastic formation at the temperature requires expensive tooling and suffers oxidation during long superplastic forming time. Therefore, reducing operation temperature to <0.6 T m would be attractive. However, there was very limited studies reported the superplasticity in Ti 3 Al based alloys at lower temperature (<900 o C). Hence, it is interesting to understand the deformation mechanism at this specific temperature range.
Our previous study shown that, phase transformation from β to α 2 ' occurred during static annealing and dynamic superplastic loading in the two phase (α 2 +β) region, i.e. 750-900 o C, in accordance with the equilibrium phase diagram [4] . This phenomenon plays an important role on low-temperature superplastic (LTSP) behavior in the Ti 3 Al-Nb alloy. Electron backscattered diffraction (EBSD) is known to be a promising technique providing the microstructure (local texture) and crystallographic information, as well as the grain boundary characterization. Deformation combining with the dislocation slip usually tends to form preferred crystallographic orientation. Therefore, change in crystallographic orientation during superplastic deformation provides significant information especially at lower temperature which dislocation flow dominates the deformation process
Experimental Methods
The super α 2 material was supplied by Rockwell International, USA, originally fabricated by Timet, USA, with a nominal composition of Ti-25%Al-10%Nb-2%V-1%Mo (in at%). The as-received super α 2 Ti 3 Al sheets, 2 mm in thickness, have been subject to a series of hot rolling at 1050 o C, at which the more deformable β phase occupied around 80% in volume fraction. Finally, the sheet was annealed to around 1000 o C for 1-2 h, so as to fully recrystallize and to achieve a final ~2 µm fine-grained two-phase (α 2 + β) microstructure.
The tensile specimens with the tensile axis parallel to the rolling direction were machined from the as-received Ti 3 Al thin sheet by wire cutting with a gauge length of 5.5 mm and gauge width of 3 mm for testing at elevated temperature. Tensile tests were conducted in accordance with the constant-crosshead-speed method using an INSTRON 5582 universal testing machine equipped with a three-zone high-temperature furnace. The system was performed with purging argon at a flow of 3 l/min during the heating and superplastic loading time to suppress oxidation. Systematic LTSP tensile tests were performed at 800 ± 100 o C (0.55 ± 0.05 T m ) with initial strain rates of 8x10 -5 , 2x10 -4 , 5x10 -4 , and 1x10 -2 s -1 , respectively. Liquid nitrogen was used to rapidly quench and retain the microstructure of superplastically loaded specimens tested at elevated temperature. The Kroll's reagent was used as the etching agent for microstructural observation by scanning electron microscopy (SEM). The TEM thin foils were thinned by using a twin-jet electrochemical polishing, carried out in a solution constituting of 30 ml perchloric acid, 175 ml n-butylalcohol, and 300 ml methanol at -30 o C with an applied current of 70 mA at voltage of 30 V, and a flow rate of 2.5 l/min. Then these foils were examined by JEOL 3010 TEM operated at 300 kV. Microtextures of the rolling plane of both as-received and superplastically loaded specimens were determined by an Oxford Instrument LinkOpal TM EBSD system interfaced to a field emission gun JSM-6330TF SEM. Pole figures and misorientation angle distributions could be obtained by EBSD mapping. The specimens were rough-polished using emery papers with water to remove 25% in thickness of the specimen surface layers, then a colloidal silica polishing suspension was used for polishing more than one hour in order to remove residual stress. To enhance the pattern quality, the specimens were further electropolished with an electrolyte, the same as the twin-jet electrochemical polishing. The image mapping which provided a crystallographic orientation in a specific region was performed by selecting the crystal map size of 256 referred to the division of the selected area or corresponding to the pixel area of 25µmx35µm was chosen, which includes about 150 grains per mapping area and at least three regions were examined to ensure the reproducibility. The texture determination was also done with the "CaRIne crystallography" computer software.
Results and Discussions
Superplastic characterization. The superplastic tensile tests were performed at 700-850 o C with initial strain rates from 8x10 -5 to 1x10 -2 s -1 . Table 1 summarizes the results of tensile mechanical properties at elevated temperature together with some of the previous results for HTSP [5] . From these results, the reasonable superplastic elongation can be obtained at temperature above 750 From true stress-strain curves at 700-850 o C under variant initial strain rate conditions, the strain rate sensitivity m-values and activation energy Q-values could be extracted and the values are as listed in Table 2 . In addition, the Q a -values could be determined either under the constant stress or constant strain rate condition. In average, the Q a -values are 370 kJ/mol at 700 and 750 o C and 270 kJ/mol at 800 and 850 o C. Similarly, the Q t -value was determined to be 350 kJ/mol at 700 and 750 o C and 215 kJ/mol at 800 and 850 o C. At loading temperature 700-750 o C, the true strain rate sensitivity, m t , is determined to be 0.2, which is consistent with the dislocation power law creep during which the deformation leads to a
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Engineering Plasticity and Its Applications Table 1 Summary of elongation at different strain rates and temperature decrease in ductility. This value is compatible with the Q-value of 290-350 kJ/mol, and the value of n, the work hardening exponent, to be 4-7, in a Ti-27Al-25Nb alloy determined by Nandy and Banerjee [6] , whom suggested that dislocation climb controls the deformation. On the other hand, the diffusion path might be the self-diffusion of Ti-Ti or Al-Al, or interdiffusion in Ti-Al in the ordered α 2 phase. The self-diffusion of Ti and Al in Ti 3 Al has been examined by Rusing and Herzig [8] , suggested the value to be 288 kJ/mol and 394 kJ/mol, respectively. This result is also close to the interdiffusion of Ti-Al of 312 kJ/mol in the Ti 3 Al alloy suggested by Nakajima et al. [7] . This implies that the controlling deformation mechanism at 700-750 o C is mainly due to the dislocation glide plus climb in the ordered α 2 phase, and the climb step is governed by the lattice diffusion in the α 2 phase.
At loading temperature 800-850 o C, the true strain rate sensitivity, m t , is determined to be 0.33. The rate controlled mechanism is the viscous glide of dislocations. A narrow plateau of steady-state flow found in the true stress-strain curves, implies minor GBS operation. The activation energy of Ti self-diffusion in the β phase suggested by Brown and Ashby was 270 kJ/mol [9] and the diffusion along the α 2 /β interface should be even lower, to be 250 kJ/mol. The true activation energy, Q t -values, is determined to be 215 kJ/mol at 800-850 o C, which is close to the diffusion along the α 2 /β interface or the pipe diffusion in the β phase. It should be noted that this value is lower than the Q t -value of 270 kJ/mol (m t -value of 0.5) at 900-960 o C in our previous study [5] . As a result, even viscous glide dominated the deformation mechanism at 800-850 o C, the contribution of GBS can not be ignored. The Q t -value of 215 kJ/mol might be related to the β phase grain boundary diffusion or dislocation pipe diffusion, or α 2 /β interphase diffusion at 800 and 850 o C, which acts as the controlling step for dislocation slip plus climb in the β phase (the latter is in turn acts as the It should be noted that there existed additional feature of the lath-like α 2 ' phase which is not observed in the as-received material. In our previous study [4] , it has been confirmed that the α 2 ' phase was transformed from the β phase. Both the α 2 and α 2 ' phases were determined to be of the same DO 19 crystalline structure, but with different origin. In order to observe the microstructure evolution C and 5x10 -4 s -1 , specimens were loaded to different true strain levels of 0.3 (33%), 1.0 (165%), 1.2 (223%), 1.4 (300%), and failure at 1.5 (333%). In the initial stage with strain level 0.3, dynamic recrystallization occurred during the strain hardening stage, and the original lath-like α 2 grains changed their shape into equiaxed grains to undergo subsequently GBS. With increasing superplastic strain, both the α 2 and β phases gradually broke up into smaller grains allowing the operating of grain rotations and grain boundary sliding until failure. It should be noted that appreciable transformed α 2 ' phase is formed (~35% in volume fraction at a strain of 1.5) after loading. It has been reported in our previous study [5] that this alloy exhibited the maximum elongation at 960 o C and 2x10 -4 s -1 of 1500% as the volume fraction of the α 2 and β phase being nearly 50% to 50%, which would help to suppress severe grain growth and achieve smooth GBS. The β phase is more deformable than the α 2 and α 2 ' phases due to its bcc crystal structure. At 800 and 850 o C, the numerous α 2 ' laths inside the β grains would impede the major dislocation-slip accommodation, leading to premature failure and lower tensile elongations. At 850 o C, a higher superplastic elongation was obtained at a higher strain rate of 5x10 -4 s -1 (compared with those of 2x10 -4 and 8x10 -5 s -1 ), presumably due to the shorter transformation time and thus a smaller amount of α 2 ' and hence more effective operation of accommodation.
Crystal orientation characterization. Previous EBSD study [10] has shown that after thermomechanical treatment, preferred orientations were existed in both the two phases in the as-received specimen. Strong {100}<011> rotated cube was existed in the β phase and multiple weak textures {111}< 1 1 2 > as well as {110}<001> Goss texture were also presented. In addition, strong { 0 2 11 }<0001> texture and weak { 0 2 11 }< 100 1 > as well as {0001}< 100 1 > textures were existed in the α 2 phase.
In common, the range of low angle boundary (LAB), medium angle boundary (MAB), and high angle boundary (HAB) in the cubic system are often defined to be 0-10 o , 10-30 o , and higher than 30 o , respectively. In addition, higher ratio of HAB (high energy boundary) is more suitable for GBS. The misorientation angle distributions in the α 2 and β phases in the as-received specimen are shown in Fig. 4 . Bimodal distribution is displayed and much higher ratio of HAB is existed in the α 2 phase due to the presence of multiple textures (Table 3) , while LAB occupied a significant amount in the β phase. It implies that α 2 /α 2 is more available than β/β for grain boundary sliding. However, the misorientation distribution is quite similar in both phases after superplastic loading at 850 o C (In Fig.  5 and Table3). This is because the α 2 /β phase boundary sliding is more easily occurred than the α 2 /α 2 or β/β grain boundary sliding.
It > texture in β, resulting the typical deformation texture [10] . With increasing superplastic strain until failure, the intensity of texture was weakened in both the two phases due to the minor GBS accommodated with grain rotation. The rigid α 2 ' phase occupied a large amount of volume fraction and would impede the GBS operation at temperature below 900 o C, resulting the degrading of elongation at lower temperature. In the lower temperature range, numerous α 2 ' laths inside the β grains would impede the major dislocation-slip accommodation, leading to premature failure and lower tensile elongations. At loading temperature 800-850 o C, m t is 0.33. Viscous glide of dislocations plus minor operation of GBS accommodated with grain rotation dominates the rate controlling mechanism. In addition, α 2 /β phase boundary sliding is more available than the α 2 /α 2 and β/β grain boundary sliding during superplastic deformation. The Q t -value is determined to be 215 kJ/mol, which is close to the activation energy for the diffusion along the α 2 /β interface. At loading temperature 700-750 o C, m t is 0.2, which is consistent with the dislocation power law creep condition. The deformation condition would decrease the ductility. The Q t -value is determined to be 350 kJ/mol. It implies the diffusion path could be the Ti-Ti or Al-Al self-diffusion, or Ti-Al interdiffusion in the ordered α 2 phase. 
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